Introduction {#s0001}
============

Spinal cord injury (SCI) is a common disease caused by fracture or dislocation of spine vertebral. SCI mostly occurs in young adults and it seriously threatens patients' health and quality of life (Lynch and Cahalan [@CIT0019]). The progression of SCI contains two important segments: primary injury and secondary injury (Mourelo Farina et al. [@CIT0022]). The primary injury is irreversible. So, a large proportion of studies is focussed on investigating how to control secondary injury. Currently, corticosteroids, gangliosides, hyoscine, neurotrophic drugs are recommended to treat SCI in the clinic. However, side-effects of these medications always plague neurosurgeons. For instance, administration of high-dose methylprednisolone is used to treat secondary injury, while it also induced a series of side-effects, such as gastrointestinal bleeding, sepsis, pneumonia and infection (Rouanet et al. [@CIT0025]). Therefore, it is sorely needed for SCI to find more effective drugs.

Matrine is a main alkaloid component in a traditional Chinese herb, derived from leguminous plant *Sophora flavescens* Ait (Leguminosae) (Cai et al. [@CIT0006]). It has been found to possess a wide range of pharmacological effects, including immunity-regulation (Kan et al. [@CIT0010]), anti-arrhythmia (Zhou et al. [@CIT0039]), antibacterial (Feng et al. [@CIT0008]), analgesic (Haiyan et al. [@CIT0009]), antihepatic fibrosis (Yu et al. [@CIT0033]), and antitumor activities (Rashid et al. [@CIT0024]). Due to these pharmacological activities, matrine has been considered as a promising candidate for the management of various diseases, like acute lung injury (Liou et al. [@CIT0015]), non-alcoholic steatohepatitis (Mahzari et al. [@CIT0020]), acute lymphoblastic leukaemia (Aghvami et al. [@CIT0001]), etc. More recently, it was found that matrine possessed neuroprotective functions, for example, matrine had promise in treating Parkinson's disease (Meng et al. [@CIT0021]). Moreover, matrine was able to promote the growth of axon and the recovery of spinal cord following SCI (Tanabe et al. [@CIT0027]). Nonetheless, the impact of matrine on SCI is still incompletely disclosed.

MicroRNAs (miRNAs) are newly discovered small non-coding RNAs with about 22 nucleotides. They are processed from stem-loop structure of a single strand RNA by Dicer enzyme and act through regulating the post-transfection of target genes. During SCI, a broad range of miRNAs is temporally altered, thereby participating in regulating neurons growth, apoptosis, inflammation, as well as axonal regeneration (Shi et al. [@CIT0026]). So, some miRNAs are recognised as novel diagnostic and therapeutic approaches for SCI. MiR-9 is one miRNA and it is less expressed in SCI tissues compared to normal tissues (Xu et al. [@CIT0032]). Besides, miR-9 was found to participate in neuronal survival and regeneration following ischaemic injury (Nampoothiri and Rajanikant [@CIT0023]).

This study was designed to explore the impact of matrine in preventing second injury of the spinal cord. To further uncover the deep mechanisms of matrine's function, its regulation on miR-9 expression and the following pathways were studied.

Materials and methods {#s0002}
=====================

Cell treatment {#s0003}
--------------

PC12 cell line (ATCC^®^ CRL-1721™, ATCC, Manassas, VA, USA) was cultivated in RPMI-1640 medium (ATCC). The complete growth medium was made by adding 10% heat-inactivated horse serum (Gibco, Grand Island, NY, USA) and 5% foetal bovine serum (Gibco). The cells were cultured at 37 °C in an atmosphere with 95% air and 5% CO~2~.

To induce inflammatory injury in PC12 cells, 5 μg/mL of LPS derived from *E. coli* O111:B4 (Beyotime, Shanghai, China) was utilised to treat cells for 12 h (Xie et al. [@CIT0031]). Matrine with purity greater than 95% was purchased from Sigma-Aldrich (St. Louis, MO, USA). Matrine was dissolved in DMSO (Sigma-Aldrich) to make a storage solution with concentration of 200 mM. Before use, the storage solution was diluted with culture medium to 200 μM. Cells were treated by 200 μM matrine for 24 h.

MiRNA transfection {#s0004}
------------------

MiR-9 inhibitor (anti-miR-9) and its negative control (anti-NC) were purchased from GenePharma (Shanghai, China). Transfection was conducted by utilising Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) under serum- and antibiotic-free conditions. Transfection procedure was lasted for 48 h in 6-well plates.

CCK-8 assay {#s0005}
-----------

With or without transfection, cells were seeded in 96-well plates (5000 cells/well) and treated as indicated. Later, 20 μL CCK-8 (Dojindo Molecular Technologies, Kyushu, Japan) was supplemented into the culture medium and the plates were cultured for 3 h at 37 °C. The absorbance was analysed by a Microplate Reader (Bio-Rad, Hercules, CA, USA) at 450 nm for calculating relative cell viability.

Apoptosis assay {#s0006}
---------------

With or without transfection, cells were seeded in 6-well plates (5 × 10^5^ cells/well) and treated as indicated. Later, cells were harvested in the Eppendorf tube and stained by using the Annexin V-FITC/PI Detection Kit (Sangon Biotech, Shanghai, China) according to the manufacturer's instructions. Flow cytometry was done by using a FACS can (Beckman Coulter, Fullerton, CA, USA).

ELISA {#s0007}
-----

With or without transfection, cells were seeded in 6-well plates (5 × 10^5^ cells/well) and treated as indicated. The culture supernatant was harvested and the concentration of IL-1β, IL-6 and TNF-α was analysed by utilising the respective ELISA kit (Abcam, Cambridge, MA, USA).

qRT-PCR {#s0008}
-------

With or without transfection, cells were seeded in 6-well plates (5 × 10^5^ cells/well) and treated as indicated. Then, cells were lysed in Trizol reagent (Sangon Biotech) for collecting total RNAs. For testing expression of IL-1β, IL-6 and TNF-α, PrimeScript RT Master Mix and TB Green^®^ Fast qPCR Mix (Takara, Dalian, China) were utilised. For testing the expression of miR-9, Mir-X™ miRNA First Strand Synthesis Kit together with Mir-X™ miRNA qRT-PCR TB Green™ Kit (Takara) were utilised. GAPDH and U6, respectively, acted as the reference controls of normalising the relative expression of mRNA and miRNA.

Western blot {#s0009}
------------

With or without transfection, cells were seeded in 6-well plates (5 × 10^5^ cells/well) and treated as indicated. Then, cells were lysed in RIPA buffer (Beyotime) for collecting total proteins. In the Western blot procedure, the following primary antibodies against Bcl-2 (LS-C675297), Bax (LS-C63137), cleaved-caspase-3 (LS-C12499), IL-1β (LS-C104781), IL-6 (LS-C746886), TNF-α (LS-C132747), c-Jun (LS-C747156), p-c-Jun (LS-C368401), JNK (LS-C169083), p-JNK (LS-C84066), IκBα (LS-C331335), p-IκBα (LS-C416376), p65 (LS-C413576), p-p65 (LS-C154220), β-actin (LS-C82919, LifeSpan BioSciences, Seattle, WA, USA) and pro-caspase-3 (orb310041, Biorbyt, San Francisco, CA, USA) were utilised. Finally, the target bands were developed by ECL Plus Western Blotting Substrate (Biorbyt). The grey level of each band was examined by Image Lab™ Software (Bio-Rad).

Statistical analysis {#s0010}
--------------------

Results were represented as mean ± SD. Statistical analysis was done in SPSS 19.0 software (Chicago, IL, USA). One-way ANOVA and Student *t*-test were utilised for the comparison between groups and among groups. Statistical differences were set at *p* \< 0.05.

Results {#s0011}
=======

The viability of PC12 cells was not affected by 200 μM matrine at 24 h {#s0012}
----------------------------------------------------------------------

A study has indicated that 200 μM matrine protects lung cancer cells from LPS-induced injury (Liou et al. [@CIT0015]), so, 200 μM matrine was used to treat PC12 cells in this study. As shown in [Figure 1](#F0001){ref-type="fig"}, compared with control group, cell viability was invariable at 24 h (*p* \> 0.05). However, cell viability was significantly decreased at 48 and 72 h (*p* \< 0.05). So, we chose 24 h as the treatment time of matrine.

![The viability of PC12 cells was not affected by 200 μM matrine at 24 h. PC12 cells were treated by 200 μM matrine for 0, 24, 48, 72 h, the viability of cell was examined by CCK-8 assay. ns, no significant, \**p* \< 0.05 versus Control group.](IPHB_A_1719165_F0001_B){#F0001}

Matrine protected PC12 cells against LPS-provoked damage {#s0013}
--------------------------------------------------------

As seen in [Figure 2(A)](#F0002){ref-type="fig"}, cell viability was not significantly changed between matrine group and the control (*p* \> 0.05). Then, cells were pre-treated with matrine and followed by LPS stimulation. [Figure 2(B,C)](#F0002){ref-type="fig"} showed that, the viability and apoptosis rate induced by LPS were attenuated by matrine (*p* \< 0.05). Moreover, the repression of Bcl-2 expression, elevation of Bax expression and cleavage of caspase-3 evoked by LPS were all attenuated by matrine (*p* \< 0.05, [Figure 2(D,E)](#F0002){ref-type="fig"}). Also, the mRNA and protein expression as well as release of pro-inflammatory cytokines, such as IL-1β, IL-6 and TNF-α, driven by LPS were impeded by the pre-treatment of matrine (*p* \< 0.05, [Figure 2(F--H)](#F0002){ref-type="fig"}). These data demonstrated that matrine possessed abilities in protecting PC12 cells against LPS-provoked damage.

![Matrine protected PC12 cells against LPS-provoked damage. (A) PC12 cells were treated by 200 μM matrine for 24 h, and the viability of cell was examined by CCK-8. ns, no significant. The matrine-treated cells were stimulated with 5 μg/mL LPS for 12 h. (B) Cell viability, (C) apoptosis rate, (D, E) expression of apoptosis-associated proteins, (F) mRNA and (G) protein expression of pro-inflammatory cytokines, as well as (H) release of these cytokines in culture supernatant were examined by CCK-8 assay, flow cytometry, qRT-PCR, western blot and ELISA. \**p* \< 0.05 versus Control group. \#*p* \< 0.05 versus LPS group.](IPHB_A_1719165_F0002_B){#F0002}

Matrine elevated miR-9 expression {#s0014}
---------------------------------

Meanwhile, miR-9 expression following LPS or LPS plus matrine treatment was examined by qRT-PCR. Data presented in [Figure 3](#F0003){ref-type="fig"} showed that LPS clearly suppressed miR-9 expression (*p* \< 0.05). Nonetheless, matrine treatment remarkably elevated miR-9 expression even under LPS-treated condition (*p* \< 0.05).

![Matrine elevated miR-9 expression. PC12 cells were treated by 200 μM matrine for 24 h and then stimulated with 5 μg/mL LPS for 12 h. MiR-9 expression was examined by qRT-PCR. \**p* \< 0.05 versus Control group. \#*p* \< 0.05 versus LPS group.](IPHB_A_1719165_F0003_B){#F0003}

Matrine protected PC12 cells against LPS-evoked damage through elevating miR-9 expression {#s0015}
-----------------------------------------------------------------------------------------

Since matrine could simultaneously protect PC12 cells and elevate miR-9 expression, following experiments were designed to uncover if matrine exerted its function through modulating miR-9. To this purpose, miR-9 expression was repressed by transfection with the specific inhibitor. [Figure 4(A)](#F0004){ref-type="fig"} showed that miR-9 expression in PC12 cells was suppressed following transfection, unsurprisingly (*p* \< 0.05). It was found that the protective action of matrine towards PC12 cells was attenuated by miR-9 silencing. To be specific, the impact of matrine towards cell viability (*p* \< 0.05, [Figure 4(B)](#F0004){ref-type="fig"}), apoptosis rate (*p* \< 0.05, [Figure 4(C)](#F0004){ref-type="fig"}), apoptosis-associated protein expression (*p* \< 0.05, [Figure 4(D,E)](#F0004){ref-type="fig"}), as well as the release of pro-inflammatory cytokines (*p* \< 0.05, [Figure 5(A--C)](#F0005){ref-type="fig"}) were all partially or completely reversed by miR-9 silence.

![Matrine protected PC12 cells against LPS-provoked apoptosis through elevating miR-9 expression. (A) PC12 cells were transfected with nothing, anti-NC or anti-miR-9. MiR-9 expression was examined by qRT-PCR. \**p* \< 0.05 versus anti-NC group. Following transfection, cells were treated by 200 μM matrine for 24 h and then stimulated with 5 μg/mL LPS for 12 h. (B) Cell viability, (C) apoptosis rate, and (D, E) expression of apoptosis-associated proteins were examined by CCK-8 assay, flow cytometry and Western blot. \#*p* \< 0.05 versus LPS group. ^\^^*p* \< 0.05 versus LPS + MAT + anti-NC group.](IPHB_A_1719165_F0004_B){#F0004}

![Matrine protected PC12 cells against LPS-provoked inflammatory injury through elevating miR-9 expression. PC12 cells were transfected with nothing, anti-NC or anti-miR-9. Following transfection, cells were treated by 200 μM matrine for 24 h and then stimulated with 5 μg/mL LPS for 12 h. (A) MRNA and (B) protein expression of pro-inflammatory cytokines, as well as (C) release of these cytokines in culture supernatant were examined by qRT-PCR, Western blot and ELISA. \#*p* \< 0.05 versus LPS group. ^\^^*p* \< 0.05 versus LPS + MAT + anti-NC group.](IPHB_A_1719165_F0005_B){#F0005}

Matrine inhibited JNK and NF--κB pathways through elevating miR-9 expression {#s0016}
----------------------------------------------------------------------------

Next, the further mechanisms of which matrine protected PC12 cells were studied by testing the activation of two inflammation-related signalling pathways, i.e., JNK and NF--κB pathways (Liu G and Rondinone [@CIT0016]; Baker et al. [@CIT0005]). Western blot results illustrated that, the ratio of p/t-c-Jun, p/t-JNK, p/t-IκBα and p/t-p65 was all enhanced by LPS (*p* \< 0.05, [Figure 6(A--D)](#F0006){ref-type="fig"}). The above increased ratio was attenuated by the pre-treatment of matrine (*p* \< 0.05). Additionally, the impact of matrine on these proteins were partially or completely reversed when miR-9 expression was suppressed (*p* \< 0.05).

![Matrine inhibited JNK and NF--κB pathways through elevating miR-9 expression. PC12 cells were transfected with nothing, anti-NC or anti-miR-9. Following transfection, cells were treated by 200 μM matrine for 24 h and then stimulated with 5 μg/mL LPS for 12 h. Expression of core proteins in (A, B) JNK and (C, D) NF--κB pathways were examined by Western blot. \#*p* \< 0.05 versus LPS group. ^\^^*p* \< 0.05 versus LPS + MAT + anti-NC group.](IPHB_A_1719165_F0006_B){#F0006}

Discussion {#s0017}
==========

Following the primary injury, a series of pathological and physiological changes occur, including neuron apoptosis and inflammation. In the trauma-induced SCI, the apoptosis of neurons is largely restricted to sites near the impact zone itself and generally occurs within about 8 h after the trauma (Emery et al. [@CIT0007]). However, a second apoptosis occurs within about 7 days after the injury of white matter, which leads to the necrosis and apoptosis of neurons and gliocytes (Lu et al. [@CIT0018]). Besides, SCI is invariably associated with spinal cord inflammation which adversely affects the outcome of SCI (Anwar et al. [@CIT0004]). Reducing neuron apoptosis and chronic inflammation in patients with SCI are considered to be pivotal in controlling secondary injury (Zhang N et al. [@CIT0035]; Allison et al. [@CIT0002]). In the present study, LPS was utilised to stimulate apoptosis and inflammatory injury in PC12 cells to make a cell model of SCI, as descripted elsewhere (Li R et al. [@CIT0013]; Xie et al. [@CIT0031]). Matrine exhibited protective functions in this cell model of SCI. Furthermore, matrine exerted its beneficial impacts possibly through its regulation on miR-9 expression as well as JNK and NF--κB pathways.

Matrine has long been known as an anti-inflammatory quinolizidine alkaloid (Kan et al. [@CIT0010]). For instance, matrine was able to repress LPS-induced inflammation in intestinal cells (Wu et al. [@CIT0030]) and lung epithelial cells (Liou et al. [@CIT0015]). The similar function of matrine was observed in this study in LPS-damaged PC12 cells, as evidenced by the repressed release of pro-inflammatory cytokines, including IL-1β, IL-6 and TNF-α. Besides, the anti-apoptotic activity of matrine in various experimental systems was previously revealed, such as hypoxia/reoxygenation-injured cardiac microvascular endothelial cells (Zhao XB et al. [@CIT0038]) and focal cerebral ischaemic mice (Zhao et al. [@CIT0037]). In line with this, matrine also exerted anti-apoptotic property in LPS-damaged PC12 cells. And matrine prevented PC12 cells from initiating apoptosis possibly via a mitochondrial-dependent pathway, since the balance of Bcl-2 and Bax was disturbed. Altogether, the findings of this paper evidenced the neuroprotective property of matrine, which was consistence with findings reported elsewhere (Meng et al. [@CIT0021]).

Since scholars around the world have focussed on studying the pharmacological effects of matrine, the mechanisms of which matrine exerts its function are also preliminary uncovered. A small fraction of studies revealed that, matrine acted its function through regulating miRNAs, like miR-21 (Zhao L et al. [@CIT0036]), miR-19b-3p (Wei et al. [@CIT0029]), miR-126 (An et al. [@CIT0003]) and miR-133a (Liao et al. [@CIT0014]). Our study suggested that miR-9 was another downstream effector of matrine, as its expression was clearly elevated by matrine. And the neuroprotective property of matrine was attenuated when miR-9 was silenced by the transfection of specific inhibitor. Further experiments were required to discover other miRNAs by which matrine protected neurons.

JNK and NF--κB signalling pathways are two deterministic pathways that involved in cell apoptosis and inflammation in response to a variety of stimulis like LPS (Khan et al. [@CIT0011]; Zhang H et al. [@CIT0034]). JNK is started to be activated within 1 h following SCI and prolonged for 3 days (Li QM et al. [@CIT0012]). c-Jun is the most important downstream factor of JNK and similar expression trend of c-Jun is also occurred during SCI (Liu X et al. [@CIT0017]). Likewise, NF--κB pathway is activated following SCI and it participates in regulating neuron apoptosis and inflammation (Wang et al. [@CIT0028]). Thus, inhibiting the activation of JNK and NF--κB pathways has promise in controlling the secondary injury of SCI. In the current paper, JNK and NF--κB pathways were found to be activated by LPS in PC12 cells. Moreover, matrine pre-treatment inhibited JNK and NF--κB pathways, and its impact on these two signalling pathways could be partially or completely abolished when miR-9 was silenced. This evidence collectively suggested that matrine inhibited LPS-evoked JNK and NF--κB pathways via a miR-9-dependent way.

To conclude, this paper provided *in vitro* evidence that matrine was able to protect PC12 cells against LPS-evoked damage. The neuroprotective properties of matrine may be due to its regulation on miR-9 expression and the following pathways, like JNK and NF--κB pathways. Nonetheless, the revealed pharmacological effect of matrine needs to be verified *in vivo*, which will largely improve the findings of this study.
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